Arenal volcano is a small (~1750 m a.s.l., ~10 km 3 ) stratovolcano that continuously erupted between July 1968 and October 2010. During this long-lasting eruption (over 42 years), a large volume of material -about 5.6 x 10 8 m 3 of dense rock equivalent -has been extruded and has produced a thick and extended lava field, mainly on the western flank of the edifice. Measurements of ground deformation obtained using a network of dry-tilt stations are presented for the period 1986-2000. They show a continuous subsidence of the volcano with maximal amplitude on the western side. The load effect of the lava field is calculated and explains the largest part of the observed tilts. Once the data are corrected by this load effect, pressure source models are not supported by the observations and by quality criteria on the models. Although the dry tilt data from Arenal volcano give limited constraint on the deformation models, they are representative of a long period of activity that cannot be recovered by other means. Moreover, the corresponding interpretative model is consistent with results obtained by geotechnical studies and modern ground deformation methods like InSAR.
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INTRODUCTION
Ground deformation study is, along with seismology and remote sensing of volcanic gases, one of the most common and widely used disciplines applied to research and monitoring of volcanoes. It can give important constrains on many volcanological problems such as magma storage and transport to the surface and instability of the volcano flanks. Geodetic techniques used on volcanoes have greatly evolved from man dependent methods (levelling, electronic distance measurement, dry tilt) to automatic ones (GPS, electronic tiltmeters), offering possible real-time measurements, and to satellite remote sensing techniques, like Synthetic Aperture Radar interferometry (InSAR) , that allow measurement of the overall deformation field. Application of these techniques depends, of course, on economic and logistical constraints. For example, many active volcanoes are located in tropical environments which with a maximum thickness of ~150-200 m. Up to the year 2000 (the end of our period of analysis), the volume and weight were about 0.54 km 3 DRE and 1.35 x 10 12 kg, respectively (Wadge et al., 2006) . Strombolian activity began in 1984 (Borgia et al., 1988; Barquero et al., 1992) . However, since 1987 it changed to Vulcanian eruptions with infrequent pyroclastic flows originating from column collapse, lava front collapse and lava pool collapse. The major pyroclastic flow events occurred in June 1975 , August 1993 , May 1998 , August 2000 , and March 2001 (Alvarado and Soto, 2002 and smaller ones in September 2003 , September 2007 , June 2008 , June-July 2009 and March 2010 . Since 1998 , the activity at crater C changed from very explosive to more effusive. Consequently, this crater grew several tens of meters and the lava pool was replaced by a viscous lava crust with dome-like structures leading to lava flows, up to October 2010. Since then, volcanic activity decreased substantially with practically no explosive events and minimal seismic activity.
The first measurements carried out to detect and observe volcanic deformation at Arenal were performed in 1969 (from September 11 th to December 14 th ) using a diamagnetic tiltmeter that was located 3.5 km NNW of the active crater A (Sawdo and Simon, 1969; Simon et al., 1970) . Tiltgrams showed deflation and inflation on the order of 10 µrad. After that, ICE built four optical leveling (dry tilt) stations along a radial line on the west flank of Arenal. The data obtained from those dry tilt stations for the period 1976 to 1978, were analyzed by Melson et al. (1979) . This dry tilt network was extended in 1985 by six additional stations installed on the northern and eastern flanks. Although some stations have been destroyed by lava flows, pyroclastic flows or erosion, very long-duration data series have been obtained. The long-term deformation revealed by this network correspond to a deflation of the volcano. This trend has been confirmed by other geodetic studies, such as that of Van der Laat (1988 ) from July 1982 . Later, Hagerty et al. (1997 carried out the first continuous GPS measurements at Arenal, observing a shortening of 7.5 ± 0.4 mm/yr (mm yr -1 ) from May 1995 to March 1997 along a N-S baseline.
Two main hypotheses have been proposed to explain the long term subsidence of Arenal. First, following the most common model to explain deflation on volcanoes, Simon et al. (1970) , Melson et al. (1979) , Van der Laat (1988) and Hagerty et al. (1997) interpreted the deformation as the result of the depressurization of a very shallow magma chamber about 1 km in diameter, with depths between 0.8-1.5 and 4 km. Second, Wadge (1983) , , Soto (1991) , Mora (2003) , and Alvarado et al. (2003) proposed as an alternate explanation, the response to the load produced by the lavas emplaced since 1968. Indeed, post-eruptive deformation related to emplacement of lava fields have been detected by geodetic and remote sensing measurements at Sakurajima volcano (Ishihara et al., 1981) , Piton de la Fournaise (Delorme, 1994) , and Etna (Murray, 1988; Briole et al., 1997) . Moreover, Grapenthin et al. (2010) demonstrated that it is important to correct the observed deformation from the load effect prior to any estimation of pressure source parameters. Recently, two studies brought new insights on Arenal deformation. Alvarado et al. (2010) speculated on an incipient deformation stage generated by spreading of the basement composed of weathered volcanic (mostly epiclastics) rocks strongly lateritized. Ebmeier et al. (2010) interpreted InSAR measurements as a steady downslope movement on the western flank.
In this paper, we present the dry tilt network and the observations obtained from 1986 to 2000. Following the approach of Grapenthin et al. (2010) , we estimate the deformation produced by the load of lava emplaced from 1988 to 2000 and compare them to the tilt measured in the same interval. Then, by using numerical methods, we investigate the ability of the pressure source model to explain the observed deformations corrected by the load effect. Finally, we open a discussion on the possible origins of the long-term subsidence at Arenal volcano.
DESCRIPTION OF THE TILT STATIONS AND OBSERVATIONS
The dry tilt network ICE adopted the dry tilt technique developed at the Hawaiian Volcano Observatory in the late 1960s (Kinoshita et al., 1974) and following studies (Sylvester, 1978; Yamashita 1981) . The first 4 dry-tilt stations (A, B, C and D) were set up on the western flank of Arenal in October 1974 (Fig. 1) . Station A was covered by a lava flow on January 29th 1977, then in 1985, a year after the beginning of the explosive phase, six other stations (E, F, G, I, J and K) were installed on the eastern and northern flanks of the volcano, completing a network of 9 dry-tilt stations.
The stations are composed of benchmarks forming 40-m-side triangles (stations E, F, G, I, J and K) and squares (stations C and D) with a reference point at the center. These last stations consist of two triangular sub-arrays called C1 and C2, and D1 and D2 (see Table 1 ). The benchmarks are stainless steel rods (2.5 cm in diameter and 3-6 m long) placed in holes cemented with concrete, leaving only 5 cm of the rod above the surface. The top of each rod is rounded and protected to prevent corrosion.
On each flank, the different sets of stations were built following radial lines from the active crater. Volcanic and human activity, though, destroyed part of the network. Station B collapsed by erosion along a contiguous gully in 1991, but serious damage was already visible by late 1990. Station C was damaged by the August 28 th 1993 pyroclastic flow and was repaired some months later. However, one of the benchmarks was eroded and measurements at sub-array C2 stopped in 1995. Station G was unintentionally destroyed by local people in 1999 and station E was covered by the August 23 rd 2000 pyroclastic flow.
Dry tilt data set
Measurements were usually carried out every three to four months using an optical level and a 3 m long Kern invar rod. However, logistical and economic problems sometimes increased this measurement interval and, for some years, only two or one measurement is available. The local tilt is calculated following the method proposed by Yamashita (1981) . The standard error of the tilt is about 2 µrad, but frequently 3-5 µrad according to experience in Iceland although larger errors ocurr if the rods are not well coupled to the surrounding rock or soil (Tryggvason et al., 1994) . At Arenal, all the stations are constructed on tephra and epiclastic deposits because of the absence of solid rock, which may induce local instabilities.
The total accumulated tilt vectors obtained from the ICE's dry tilt data set from 1988 to 2000, show an overall pattern of tilt down towards the west flank of Arenal volcano, except for station E, which is anomalous in direction and magnitude ( Fig. 1 ). The amplitude of the down-tilt observed is larger at stations close to the summit and those at western flank (Fig 1, Table 1 ). In fact, the tilt vectors at stations J, G, F, B and D are mainly directed to the NW flank of the volcano. Figures 2 and 3 display the temporal variations of the tilt vectors and amplitudes, respectively. It can be observed that the direction of the vectors at stations E and F are quite constant. For stations G, I, J, and K, the tilt directions are also relatively constant, although the signal to noise ratios are much lower. At station C, the directions obtained for the two sub-arrays are similar and constant until 1997. After that, the direction of the vector at C1 is strongly modified. Sub-array D2 also appears to be perturbed, while D1 is stable with a constant tilt direction. At almost all the stations, the tilt amplitude varies approximately linearly with the cumulate volume of magma emitted ( Fig. 3 ) indicating a progressive source process. Hence, the tilt rates tend to progressively decrease together with the extrusion rate. The highest tilt rate is observed at station B until it was damaged in 1990.
Superposed on the long-term down-tilt, there are short-term variations that are not coherent among the stations. Those variations can result from perturbations produced by non-volcanic processes (i.e., charge and discharge of water, temperature changes). However, the lack of complementary continuous deformation and meteorological data as well as detailed knowledge of the response of each station site makes it difficult to discriminate external effects from the volcanic signals. Hence those variations are not considered in this work.
DEFORMATION MODELLING Quality criteria of models
To evaluate the goodness of models, several complementary criteria are used. The first one is the significance of the models from a physical and volcanological point of view. Unrealistic models must be discarded even if they explain well the data. The second criterion is a misfit function between the observed and calculated tilts. Here we use the error function defined as:
where N is the number of data (twice the number of dry tilt stations as tilts are twocomponents vectors), , where p is the number of parameters and L is the likelihood of the model:
The AIC can be rewritten as:
In our case, where the number of data, N, is small, it is convenient to use a corrected Akaike Information Criteria (Burnham and Anderson, 2002) :
.
Mechanical parameters
The numerical models used below require as inputs several mechanical characteristics of the medium such as density ρ, Poisson ratio ν, and Young's modulus E. On the basis of field observations and measurements on samples, the global porosity of the lava field material was estimated in the range 30 to 35%. Thus, taking a density of 2500 kg m -3 for an andesitic dense rock, an average density of 1700 kg m -3 was obtained for the lava field (Alvarado et al., 2006) . The real medium is a heterogeneous stratified structure. Its elastic coefficients and seismic velocities strongly vary with depth. Mora et al. (2006) obtained velocity models at Arenal by using the SPAC method (Aki, 1957) . The estimated S-wave velocities vary from about 300 m 1 s -1 , in the first 10 meters of the structure, to ~1500 m 1 s -1 for depth greater than 300 m. The Young's modulus can be estimated from Vs with the relation ) 1 ( 2
Taking ν = 0.25, this yields a range of values for E from 1 to 14 GPa. Since this parameter is poorly known, we will explore the model space using 4 values of E (1.2, 4, 9, and 14 GPa) in the models. These values are consistent with the estimations of E for pyroclastic rocks of Arenal (Alvarado et al., 2010 ).
Effect of lava load
As noted above, Arenal has produced large quantities of pyroclastic material and lava that lie on the flanks. Wadge et al. (2006) obtained relatively precise isopach maps for several periods since 1968. The period from 1988 to 2000 was taken for this work because the best data set is complete for this period, both from lava production ( (Table 2 ; Wadge et al., 2006 , Hofton et al., 2006 . Following the procedure of Grapenthin et al. (2010) , it is thus possible to estimate and take into account the ground deformations produced by the surface load of lava. We adopted the approach presented by Pinel et al. (2007) to study surface displacements generated by ice load variations at Katla volcano, Iceland. The vertical and horizontal radial displacements of the surface, induced by a unit point mass applied on an elastic half-space are given by:
where g is gravity and r is the distance to the source (Sneddon, 1951) . The components of the corresponding tilt vector in Cartesian coordinates are: . These derivatives can be considered as Green functions. In order to obtain the tilt produced by a lava flow load, the Green functions are convolved by the mass distribution:
where ρ and h are the density and thickness of the lava deposit, respectively, and the integration is carried out over the whole area S of the lava field. Table 3 shows the misfit χ 2 and AICc obtained for the tilts associated to surface load. The best fit is obtained for E = 1.2 GPa. For higher values of E, the load effect decreases and does not account for the observations. We verified also that lower values of E yield worse fitting. Figure 4 displays the observed tilts vectors and those calculated with E = 1.2 GPa.
Pressure source model
The deformation produced by pressure variations in a spherical source embedded in an elastic half-space can be calculated analytically (Mogi, 1958) . However, caution has to be taken in presence of topography which may have a strong influence on tilt when the flanks of the volcano are steep. Cayol and Cornet (1998) showed that, for slopes greater than 20°, the direction of the tilt can even be reversed and hence, it is important to take topography into account when modeling the deformations. At Arenal, only tiltmeters D, G and K, are located at sites with slope less than 20°.
We calculated the strain and stress perturbations by using the Finite Element Method. An axisymetrical geometry includes an azimuthally average topography of Arenal. In order to avoid border effects, the computing domain is much larger than the volcano. It is a cylinder with radius of 100 km and depth of 100 km including about 10 4 triangular elements. The source is a cavity at depth in which a pressure variation is applied. It is spherical or ellipsoidal. Figure 5 presents the geometry of the model. We compared the results of the FEM calculations with the analytical solution of Mogi (1958) model for plane topography. For distances larger than 2000 m, the two models give similar tilts, while they significantly differ at shorter distance from the crater.
In the case of a spherical cavity, the pressure source model is characterized by 2 parameters, its depth H c and radius R c . The parameter space is explored in the ranges 0 to 5000 m for H c and 100 to 600 m for R c . For each value of the point (H c , R c ), the pressure variation that produces the best fit between the observations and the sum of the tilts associated to the surface load and to the chamber model is estimated. Figure 6 and Table 3 shows the results obtained for the 4 values of E. It can be observed that the misfit does not depend on the radius and only varies slightly with depth. Although minimum misfits are obtained at depths of 500 m below sea level (i.e., 2000 m below the crater) for E ≥ 4 GPa, this parameter is poorly constrained. For E = 1.2 GPa, the depth of the cavity is greater than 3000 m. The optimal pressure variation P ∆ is always negative (depressurization) and strongly depends on the radius. This is similar to the Mogi (1958) model in which ground deformations are proportional to P R c ∆ 3 . In the case E = 1.2 GPa, very low pressure variations are obtained which corresponds to very small surface deformations. Thus, the pressure source barely improves the fit. When E increases, the medium is more and more rigid, the load effect alone no longer account for the observed tilts and a chamber with larger and larger pressure variations must be added to fit the data. The best fitting (χ 2 = 37, Table 3 ) is obtained for E = 1.2 GPa. The misfit χ 2 increases when E becomes larger. For high Young's modulus, the superposition of the lava load and pressure source models yields better fits than the load effect alone. However, for E = 1.2 GPa, although χ 2 is slightly better, the AICc increases from 122 to 126 due to higher number of parameters. Furthermore, the pressure decrease cannot exceed the lithostatic pressure at the level of the magma chamber. This rough constraint imposes a lower limit on the source radius (Fig. 6 ). For example, for E = 9 GPa, the radius must be greater than 500 m for an optimal depth of 2000 m below the crater. Thus, from the physical and volcanological points of view, the pressure source model appears to be unrealistic. Some calculations with an ellipsoidal chamber have also been carried out. For an oblate cavity, for example, with horizontal axis larger than the vertical axis, the pressure variation is slightly reduced, allowing a smaller radius, and the data fitting is somewhat improved. However the corresponding AICc is higher due to the increasing number of parameters of the model. Thus, in any of the cases, following most of the defined criteria, a pressure source is not required by the data. In summary, once the surface lava load is taken into account, the existence and effects of a shallow magma reservoir are really not supported by the observed tilts.
DISCUSSION
Our results, based on 12 years of dry tilt measurements, demonstrate that the long lasting eruption of Arenal volcano is associated with a continuous subsidence with larger amplitude on the western flank. This general trend is also confirmed by recent GPS (del Potro and Muller, 2009 ) and InSAR (Ebmeier et al., 2010) measurements carried out on shorter time scales. In order to understand the long term evolution of the ongoing eruption, it is thus important to identify the physical processes that can be related to the subsidence.
Considering the large volume and weight of material erupted over 42 years, we first analyze the effect of the surface load of those deposits. Using the precise isopach maps obtained for the period 1988-2000 by Wadge et al. (2006) , a density ρ = 1700 kg m -3 and small Young modulus E = 1.2 GPa, we obtain a relatively good fit between the calculated and observed tilts.
The other common source of deformation on volcanoes is the pressure variation in the magma chamber (e.g., Rymer and Williams-Jones, 2000; Lisowski, 2007; Kohno et al., 2008) . Therefore, we also modelled a pressure source embedded in the structure, taking topography into account. We see that for low values of Young's modulus (E = 1.2 GPa), the pressure source does not improve the fit already obtained by the load effect and is discarded by using the Akaike Information Criteria. For higher values of E, data fit is improved by considering the depressurization of a shallow reservoir (2000 m below the crater) with a radius larger than 350 to 550 m. Furthermore, this model requires a large pressure decrease, compared with the lithostatic pressure, which would have induced a strong reduction of the extrusion rate, in contradiction with observations. Consequently, our analysis demonstrates that a deflation of a shallow magma chamber is not the origin of the measured tilts. This result is consistent with geological (Wadge, 1983; Alvarado et al., 1988; Soto, 1991) , petrological and geochemical considerations on a relatively deep chamber (Reagan et al., 1987; Sachs and Alvarado, 1996; Streck et al., 2005; Williams-Jones et al., 2001 ).
Using equation 5 and the lava thickness for the period 1988-2000, we also calculated the displacement resulting from the surface load. At about 1800 m west of the crater, close to dry tilt station C, the vertical displacement ranges from 8 cm (using E = 4 GPa) to 26 cm (E = 1.2 GPa). This corresponds to an average subsidence rate of 0.65 to 2.2 cm yr -1 for this period. This rate can be compared to the downward displacement of about 2 cm yr -1 estimated by InSAR data for the period from September 2007 to January 2008 at approximately the same area by Ebmeier et al. (2010) . As the extrusion rate was much higher in 1988-2000 than during the later period, the real subsidence rate was probably larger than that calculated with the surface load. This rough comparison suggests that the load effect alone does not account completely for the observed subsidence. Non-elastic delayed deformation processes can also contribute to it.
For example, a geological and geotechnical study carried out by Alvarado et al. (2003 Alvarado et al. ( , 2010 to characterize and understand the deformation processes of the basement and slopes of Arenal edifice showed that, at the sites of maximum lava thickness, the rate of subsidence would be 60 mm yr -1 , for a cumulated subsidence of ~2 m that represents only 18% of consolidation of the underlying units. They also suggested, according to their calculations, that the total subsidence will be about 19 m once the loading effect ceases (this may happen in one to several centuries according to the consolidation coefficient). At a larger scale, Alvarado et al. (2003 Alvarado et al. ( , 2010 estimated that the Arenal edifice (1.1 km high, 10 km 3 of volume, ~20 x 10 3 kPa) has produced a total subsidence of its basement up to 45 m for the last 7000 years. The large amplitude and long duration of the subsidence associated to the consolidation process suggests that this phenomenon could explain part of the present observations. In particular, the discrepancy between observed and calculated tilt vectors could be due to the consolidation of heterogeneous underlying layers at some stations, located at different active tectonic blocks. Ebmeier et al. (2010) detected a downslope movement of the upper western flank of the volcano, with large horizontal components at the highest parts of the studied zone. They interpreted these deformations as creep along a shallow sliding plane. Along an E-W profile, their interferograms extend from about 800 m to 1900 m west from the crater, including the site of dry tilt station C. At this location, the displacements estimated by InSAR are almost vertical and downward, in agreement with our observations and models. This is also consistent with the studies of Alvarado et al. (2003 Alvarado et al. ( , 2010 who concluded that spreading processes due to dispersion can affect Arenal volcano. It is thus probable that most of the vertical displacements detected by InSAR results from loading effects.
Finally, some discrepancies between the tilt vector calculated with the surface load model and the observed one, especially in their directions (Fig. 4) , could result from local perturbations due to: monument instabilities, heterogeneities of the geological structure, proximity of a fault or proximity to a lava flow. Station E, for example, was very close to the N-S fault crossing the edifice (Fig. 1) . As the corresponding tilt direction is constant and the amplitude is approximately proportional to the emitted volume, the observed deformation at station E can be interpreted as the result of a perturbation of the general tilt field by the fault. At some stations, nearby lava flows could also produce large misfit if its thickness and geometry are not precisely known.
CONCLUSIONS
The long time series of dry-tilt data presented in this study clearly demonstrate a progressive subsidence of Arenal volcano with maximal amplitude on the western flank. We conclude it is related to the long-lasting eruption, that has produced about 5.6 x 10 8 m 3 of lava and tephra, from which about 1.1 x 10 8 m 3 DRE of material were produced between 1988 and 2000, with a total weight of 0.26 x 10 12 kg. Thanks to the good knowledge of the distribution of this material, the effect of its load could be calculated by using an elastic structure. It appears to be predominant in the observed tilts. Models of pressure source have been superimposed on the load model; however they not improve significantly the fit between observed and calculated tilts and are not supported by the Akaike Information Criteria. Furthermore, although poorly constrained by the data, the corresponding features of a magma chamber -depth, radius, pressure variation -are not consistent with many volcanological data. Other phenomena, such as large-scale sliding, visco-elastic response to loading of the structure and basement of the volcano, settlement of material and local perturbations by structural heterogeneities and faults, have probably some influence on the deformations. Long term deformation measurements after the end of the extrusion would be useful to follow the evolution of subsidence and to confirm, or not, our results and interpretation. Although the dry tilt data from Arenal volcano are of moderate quality and give limited constraint on the deformation models, they are representative of a long period of activity that cannot be recovered by other means. Moreover, the corresponding interpretative model is consistent with results obtained by geotechnical studies and modern ground deformation methods like InSAR. The use of other monitoring technologies, such as GPS, would help identifying the different sources of deformation at Arenal and give a new and wider insight on volcanic processes and hazards. . Pressure source models for different values of Young's modulus. Pressure variation that produces best fitting is plotted as a function of elevation (a.s.l.) and radius of magma chamber. Gray color scale is logarithmic and it is different for case E = 1.2 GPa.
Figure captions
Corresponding misfit values between observed tilts and tilts calculated with both load and pressure source models are displayed as black solid lines. Models with pressure variation higher than lithostatic pressure, indicated by black dotted lines, are unrealistic. 
